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This  report  presents  the  progress  made  in  the  last  year  on  oar-  study  of  the 
detonation  properties  of  high  explosive  dusts,  when  dispersed  in  air  and  sus¬ 
pended  in  liquids.  The  experimental  facility  Is  a  modified  form  of  a  shock 
tube  wherein  the  dust  is  blown  through  the  tube  and  then  a  strong  shock  wave  is 
transmitted  into  the  heterogeneous  mixture.  Changes  made  to  the  facility  in 
the  peat  year  are  described.  Two  sices  of  RDX  particles  were  used;  RDX-E 
(about  10  pm)  and  RDX-A  (about  150  pm).  Detonation  was  never  obtained  with  the 
small  RDX  particles.  Detonation  was  achieved  with  the  larger  RDX  particles 
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!  but  only  with  some  oxygen  enrichment.  Accordingly,  many  tests  were  conducted 
in  air  wherein  various  amounts  of  the  oxidizer  dust,  ammonium  perchlorate, 
were  mixed  in  with  the  RDX  dust.  Again  detonation  was  realized  only  with  the 
large  particles.  Hi^ner  pressure  ratios  were  measured  than  in  the  case  of 
RDX -A  and  O2  enriched  air.  In  recognition  of  the  importance  of  ignition  time 
delay  and  reaction  zone  length  to  the  initiation  and  propagation  of  detonation, 
some  experiments  were  then  conducted  on  the  shock  wave  ignition  of  a  fuel 
droplet  (decane)  containing  the  10  pm  RDX  particles.  Shock  waves  of  Mach 
number  3.5  were  passed  over  a  single  drop  in  an  O2  atmosphere  of  ambient 
pressure  and  temperature.  Significantly  lower  Ignition  delay  times  were 
measured  when  RDX  was  added  to  the  decane.  A  range  of  conditions  remains  to 
be  explored.  Analytical  studies  have  been  in  progress  which  closely  relate 
to  the  experiments.  The  two  phase  relaxation  zone  behind  the  lead  shock  wave, 
including  particle  heating  and  reaction,  continues  to  be  modeled  theoretically 
and  some  numerical  calculations  have  been  made. 


*  U4i  *  or 

V'Xll 

•I  - 


-  i !  1  -  • « on. 


.  a 


UNCLASSIFIED 

SECURITY  Cl.  AMirtCATlOM  O*  P  AGCfPhMi  DM*  Ent*r*tf> 


AFOSR-TR.  82-1026 


RESEARCH  OBJECTIVES 
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The  main  objective  of  this  research  is  to  determine  the  detonation 
characteristics  of  dusts  when  dispersed  in  air  under  unconfined  conditions. 
Important  factors  which  bear  on  this  problem,  and  hence  which  would  be 
investigated,  include  the  properties  of  the  dust,  the  concentration  of  the 
dust,  the  size  of  the  dust  particles,  the  effects  of  excess  oxygen,  the 
energy  of  the  initiating  source,  and  the  structure  of  the  reaction  zone. 

For  a  range  of  conditions,  then,  it  is  desirable  to  determine  the  pressure 
history  within  and  behind  the  reaction  zone,  the  wave  velocity,  the  ignition 
time  delay  of  the  particles  behind  the  leading  shock  wave,  and  to  obtain  high 
speed  streak  and  framing  photographs  of  the  wave  and  reaction  zone.  The 
experimental  results  would  be  utilized  in  connection  with  an  analytical 
treatment  to  develop  a  model  for  the  initiation  of  such  detonations.  An 
interesting  ramification  of  this  research  is  the  "three-phase"  detonation. 
That  is,  the  detonability  aspects  of  dust  particles  entrained  in  liquid 


fuel  droplets. 
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STATUS  OF  THE  RESEARCH  EFFORT 


The  experimental  facility  developed  for  these  studies  and  the  experi¬ 
mental  and  analytical  results  obtained  were  presented  in  last  year's 
annual  report*.  In  this  report  a  small  part  of  that  report  is  repeated 
for  the  sake  of  continuity  but  the  emphasis  is  on  alterations  to  the 

facility  and  the  research  results  obtained  in  this  past  year. 
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Experimental  Facility 
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The  main  parts  of  the  horizontal  shock  tube  facility  are  shown  in 
Fig.  1.  The  driver  section  consists  of  a  5  ft  length  of  heavy  wall 
3  in.  ZD  circular  tubing  with  volume  spacers  (used  to  give  different  driver 
volume s) inside .  During  the  past  months,  it  was  found  necessary  to  refit 
the  driver  section  due  to  the  very  high  pressure  (3500  psi)  of  helium  gas 
being  used  for  droplet  ignition  tests.  These  high  pressures  caused  the 
spacers  to  become  dislodged  by  overloading  the  support  pipe  during  the  shock 
release.  The  refitting  required  a  heavier  pipe  to  be  used  to  hold  the 
spacers  in  place  under  these  heavy  load  conditions  (see  Fig.  2) .  For 
detonation  tests  with  the  suspended  dust,  the  driver  was  charged  with  a 
hydrogen-helium-oxygen  (2H2  +  +  1.5  He)  mixture.  The  mixture  was 

initiated  by  a  glow  plug  which  resulted  in  a  blast  wave  being  transmitted 
through  the  transition  section  and  into  the  test  (driven)  section.  The 
transition  and  driver  sections  were  separated  by  a  Mylar  diaphragm  which 
ruptured  when  struck  by  the  detonation  wave  from  the  driver.  Three  func¬ 
tions  were  performed  in  the  transition  section  of  the  shock  tube.  In 
this  section,  the  dust  was  introduced  from  the  feeder  in  a  downstream 
direction  by  means  of  a  carrier  gas  flow.  Another  gas  flow  was  introduced 
in  this  section  to  be  used  as  an  oxidizer.  The  transition  section  also 
adapts  the  circular  driver  to  the  rectangular  test  section  and  there  is  an 
area  reduction  of  47%. 

The  feeder  was  able  to  withstand  the  pressures  of  a  dust  and  gaseous 
oxidizer  detonation  but  not  the  increased  pressure  caused  by  using  the 
solid  oxidizer  ammonium  perchlorate  (NH^CiO^) .  The  feeder  was  destroyed  by  an 
explosion  during  an  RDX-AP  run.  A  new  feeder  was  designed  and  built  and 
has  been  used  successfully  for  the  past  six  months.  This  new  design  is  of 


a  heavier  construction  and  has  a  greater  number  of  induced  airflow 

V  ('■ 

nozzles,  from  five  to  seven,  as  shown  in  Fig.  3.  The  new  feeder  is  able  to 
accommodate  a  dust  feeding  rate  three  times  that  of  the  original  feeder  allow¬ 
ing  higher  reactive  dust  loadings  in  the  driven  section. 

The  test  section  is  a  20  ft  long  rectangular  stainless  steel  tube  of 
internal  dimensions  1.5  x  2.5  in.  The  instrumentation  is  shown  in  Fig.  1 
and  consists  of  six  pressure  switches  and  four  pressure  transducers  (the 
4th  one  was  added  during  the  year).  A  photocell  was  also  used  and  was 
installed  at  the  same  location  as  the  third  pressure  transducer.  This 
allowed  the  measurement  of  the  delay  time  between  the  shock  and  flame  front. 
In  Fig.  4,  typical  pressure  and  light  traces  are  shown  for  detonation  and 
non-detonation  tests.  The  pressure  rises  are  higher,  and  remain  high,  and 
the  ignition  delay  is  shorter  for  the  detonation  run. 

In  order  to  observe  the  details  of  the  interaction  between  the  incident 
waves  and  the  particles,  an  optical  section  was  installed,  as  shown  in 
Fig.  1.  The  windows  of  this  section  are  of  schlieren  quality  glass.  This 
system  was  used  for  high  speed  drum  camera  records  of  dust  detonations  and 
for  the  shock  wave  ignition  studies  of  RDX- liquid  fuel  drops. 

Outside  of  a  few  runs  with  grain  dust,  the  dust  used  to  date  has  been 
RDX,  lightly  coated  with  a  plastic.  Two  sizes  have  been  used,  RDX-A 
(nominally  150  ym)  and  RDX-E  (nominally  10  ym) . 

Experimental  Results 

Previously,  experimental  runs  were  made  to  detonate  RDX-A  and  RDX-E 
dusts  convected  in  gases.  The  only  detonation  experienced  was  RDX-A,  the 
larger  particle  size,  in  oxygen  enriched  air  (12%  0^,  88%  air)  with  an 
equivalence  ratio  of  $  ■  .94.  In  this  situation  the  RDX  loading 


density  was  1300  gms/m3.  The  Mach  number  and  pressure  ratio  at  the  tube 

\  i  '• 

exit  were  5.1  and  28  respectively.  RDX-A  did  not  detonate  with  pure  air 
and  RDX-E  did  not  detonate  with  pure  air  or  the  12%  O plus  88%  air  mixture. 
Neither  of  the  RDX  sizes  detonated  with  pure  N^  *  although  ignition  did 
occur.  Figure  5  shows  the  comparison  of  time-distance  trajectories  of 
detonation  and  non-detonation  runs.  The  detonation  maintains  a  constant 
velocity. 

At  that  point  it  was  deemed  of  interest  to  investigate  the  oxygen 

enrichment,  which  is  evidently  needed,  through  use  of  a  solid  oxidizer 

dust.  Accordingly,  further  tests  were  made  with  the  use  of  AP,  ammonium 

perchlorate  (NH.C&O.) ,  mixed  with  the  RDX  dust.  Theoretical  calculations 
4.4 

indicated  that  such  mixtures  in  air  could  lead  to  very  high  pressures1. 

The  amount  of  AP  added  was  such  that  the  oxidizer  consisted  of  20%  AP 

and  80%  air  on  a  mass  basis.  The  amount  of  RDX  is  denoted  by  the 

equivalence  ratio,  <j>,  as  defined  by  the  computer  program  of  Gordon  and 
2 

McBride  .  The  equivalence  ratio  versus  RDX  concentration  for  various 
fractions  of  AP  in  the  oxidizer  is  shown  in  Fig.  6.  At  higher  dust  den¬ 
sities  (above  500  gm/m3) ,  the  AP  plays  the  role  of  oxidizer,  therefore 
the  larger  the  fraction  of  AP  the  lower  the  equivalence  ratio.  However,  at 
lower  RDX  densities,  Ap  behaves  more  as  a  fuel  than  oxidizer,  therefore 
the  larger  the  fraction  of  AP  the  higher  the  equivalence  ratio.  This  is 

theoretically  verified  according  to  the  NASA  Gordon-McBride  computer 
2 

program  .  The  computer  output  for  the  products  of  reaction  showed  that 
at  low  dust  densities  a  mild  increase  of  AP  would  result  in  a  significant 
increase  of  the  products  such  as  CliO,  H^O  and  NO.  In  the  AP-RDX  runs ,  a 
small  amount  of  Cebosil  AJl^Oj  was  added  to  the  dust  to  improve  the  dis¬ 
persion  characteristics  of  the  dust  along  the  tube.  At  $  *  *94,  detonation 
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was  not  observed  with  the  RDX-A-AP-Cabosil  dust  convected  in  air,  whereas 

\  i  '• 

a  detonation  was  achieved  with  RDX-A  in  an  oxygen  enriched  airflow  at  the 
same  equivalence  ratio  (Fig.  7) .  This  probably  should  not  be  surprising 
in  that  the  oxygen  in  the  AP  is  not  as  available  for  reaction  as  gaseous 
oxygen.  However,  at  lower  equivalence  ratios,  the  RDX-A-AP-Cabosil  dust 
eventually  established  detonation  at  =  *88  and  <j>  *  .84.  The  Mach  number 
and  pressure  ratio  near  the  end  of  the  tube  were  approximately  5.0  and 
34  for  <J>  =  .88,  and  approximately  4.9  and  32  for  <t>  *  .84  (Fig.  8).  The 
pressure  ratios  of  the  RDX-A/AP  mixture  are  higher  than  that  of  the  RDX-A 
dust  only  when  in  an  oxygen  air  mixture.  Similar  experimental  runs  were 
also  made  with  RDX-E,  the  smaller  particles,  mixed  with  AP  and  Cabosil. 
Several  equivalence  ratios  were  tested  at  various  initiator  energies  but 
no  detonation  was  observed  with  the  RDX-E/AP  dust. 

For  the  RDX-A-AP-Cabosil  mixtures  operating  at  a  constant  driver 
pressure  of  119.3  psia,  the  exit  Mach  numbers  and  pressure  ratios  were 
5.3  and  40  for  <j>  =  1.1,  5.2  and  38  for  <J>  *  1.0,  and  5.0  and  37  for  <j)  =  .9, 
respectively.  These  pressure  ratios  are  high  compared  to  RDX  runs  without 
the  AP.  Figure  9  shows  the  decay  of  the  waves  using  RDX-A  and  AP, 

♦  *  1.0,  for  three  different  initiator  energies.  The  larger  initiation 
energies  give  stronger  waves  throughout,  of  course.  The  lowest  energy 
run  appears  to  be  definitely  decaying  throughout.  It  is  not  clear  with 
the  two  higher  energies;  there  is  some  indication  that  they  may  be  transi¬ 
tioning  to  detonation. 

Streak  schlieren  photographs  were  taken  to  investigate  the  dust 
detonation  processes.  Figure  10  shows  the  wave  propagating  through  an 
RDX-A  cloud.  The  leading  shock  is  indicated  by  the  first  sharp  slanting 
line  crossing  the  photograph.  The  particle  path  can  be  observed  immedi¬ 
ately  behind  the  shock  wave,  accelerating  to  the  right  in  the  shocked  gas 


flow  direction.  Further  behind  the  shock,  where  the  particle  traces 

\  >  '• 

start  to  disappear,  is  presumably  the  beginning  of  the  reaction  zone. 

The  ignition  delay,  defined  as  the  time  elapsed  between  the  leading  shock 
and  the  beginning  of  the  reaction  zone,  is  about  45  ysec. 

Another  phase  of  the  research  involves  the  detonation  character¬ 
istics  of  RDX  dust  entrained  in  liquid  fuel  drops.  This  might  be  referred 
to  as  three  phase  detonation.  The  initial  studies  have  concentrated  on 
the  shock  wave  ignition  of  an  individual  drop.  As  indicated  earlier,  the 
detonation  tube  was  modified  so  as  to  serve  as  a  regular  shock  tube. 

High  pressure  helium  was  used  in  the  driver  section.  Individual  decane 
drops  with  RDX-E  (small  particles)  mixed  in  were  suspended  from  a  needle 
in  the  test  section.  Streak  schlieren  photographs  were  obtained  to 
investigate  the  ignition  characteristics  of  the  droplets.  The  streak 
photographs  in  Fig.  11  show  a  comparison  between  a  decane  drop  with  and 
without  RDX.  Figure  11a  is  a  decane  droplet  alone  whereas  Fig.  lib  is  a 
RDX-decane  droplet  consisting  of  40/60  (by  weight)  mixture  of  RDX-E  and 
decane .  Both  droplets  contain  Cabosil  (5%  of  the  weight  of  decane) 
which  increases,  for  both  droplets,  the  viscosity  and  surface  tension. 

Each  droplet  is  3000  ym  in  diameter  and  exposed  to  a  shock  with  M  “  3.5 
in  one  atmosphere  of  pure  oxygen.  Both  photographs  show  similar  structures. 
The  aerodynamic  forces  on  the  droplet  behind  the  shock  causes  the  drop 
to  breakup.  Following  the  breakup,  the  wake  (indicated  by  the  growth  of 
the  dark  region)  is  formed  behind  the  drop.  The  acceleration  of  the 
disintegrating  droplet  in  the  shocked  gas  flow  is  indicated  by  the  curva¬ 
ture  of  the  droplet's  leading  edge  trajectory.  A  bow  shock  is  formed 
in  front  of  the  leading  edge.  After  a  delay  of  ,  ignition  (indicated 
by  the  bright  burst  of  flame)  occurs  in  the  wake  region  and  the  "flame" 
propagates  very  rapidly  upstream  toward  the  leading  edge  of  the  drop. 
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The  ignition  delay,  »  and  the  "flame"  speed  are  estimated  to  be  85 
IJsec  and  1700  m/sec  for  the  RDX-decane  droplet  and  130  ysec  and  1400 
m/sec  for  the  decane  droplet.  These  high  "flame"  speeds  indicate  that 
they  are  really  blast  waves  driven  by  combustion.  The  ignition  delays 
are  relatively  long  as  compared  to  most  heterogeneous  detonations. 
However,  the  shock  Mach  number  of  3.5  is  low  compared  to  most  detona¬ 
tion  Mach  numbers  and,  in  the  latter  case,  the  delays  would  be  much 
shorter.  It  is  very  interesting  that  the  ignition  delay  is  appreciably 
lower  for  the  drop  with  the  RDX. 

The  stagnation  temperature  behind  the  bow  shock  is  1300°K  for  an 
incident  shock  of  M  *  3.5.  It  appears  that  this  high  temperature 
causes  some  chemical  reaction  at  the  leading  edge  of  the  drop  just 
behind  the  bow  shock.  This  luminosity,  observable  in  both  photographs, 
is  less  distinct  than  the  main  ignition  in  the  wake  region.  The  inci¬ 
dent  shock  strength,  the  oxidizer,  and  the  composition  and  size  of  the 
droplets  are  expected  to  have  distinct  effects  on  these  droplet  ignition 
characteristics.  Further  work  is  in  progress  to  study  the  ignition 
characteristics  at  various  conditions. 

Analytical  Results 

The  induction  zone  between  the  leading  shock  wave  and  the  start 
of  significant  combustion  heat  release  has  an  important  influence  on 
the  detonability  of  dusts.  In  this  region  the  dust  particles  are 
suddenly  exposed  to  the  supersonic  flow  induced  by  the  shock  wave.  As 
a  result  the  particles  are  convectively  heated  and  accelerated  so  that 
the  relative  velcoity  between  the  particles  and  the  gas  decreases.  At 
the  same  time  the  interaction  between  the  gas  and  particle  flows  will 
result  in  an  increase  in  the  gas  temperature  and  pressure.  ■ 
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To  deal  with  particle  ignition  delay  it  therefore  is  essential  to 
consider  the  two  phase  flow  behind  the  leading  shock  front'.  1 '  The  equa¬ 
tions  describing  such  flows  are  presented  in  detail  by  Rudinger3  and  have 
been  used  to  compute  the  conditions  in  the  induction  zone  of  dust  det¬ 
onations.  For  steady  flow  the  gas  and  particle  conservation  equations 
reduce  to  a  system  of  algebraic  equations  plus  two  differential  equa¬ 
tions  for  particle  motion  and  heating.  The  Nusselt  number  and  the  drag 
coefficient  are  important  empirical  inputs  to  these  calculations. 

A  computer  code  for  solving  these  equations  has  been  developed  which 
makes  it  possible  to  study  the  behavior  of  the  relaxation  zone  over  a 
wide  range  of  conditions.  A  typical  output  showing  the  dimensionless 
gas  and  particle  temperatures ,  TN  and  TPN,  and  the  dimensionless  gas 
and  particle  velocities,  UN  and  UPN,  behind  a  Mach  1.5  shock  wave  moving 
through  a  cloud  of  10  Um  glass  spheres  in  air  is  shown  in  Figs.  12  and 
13.  The  air  sound  speed  and  temperature  ahead  of  the  shock  are  used 
as  reference  quantities  and  the  ratio  of  particle  to  gas  mass  flow  has 
a  value  of  0.2.  The  variation  of  temperature  and  velocity  is  shown  as  a 
function  both  of  distance  and  time  respectively  in  Figs.  12  and  13. 

In  this  particular  example,  relaxation  is  almost  complete  after  200  ysec. 
The  empirical  expressions  used  for  the  drag  coefficient  and  the  Nusselt 
number  are  given  in  Fig.  12. 

These  results  are  not,  in  themselves,  new;  however,  the  capability 
of  computing  the  shock  relaxation  zone  structure  over  a  wide  range  of 
conditions  is  an  essential  first  step  to  studying  the  induction  process. 
The  behavior  of  the  structure  for  small  and  larger  particles  may  help 
explain  why  RDX  dui  ts  with  smaller  particles  are  more  difficult  to 
detonate . 
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The  behavior  of  the  relaxation  zone  must  be  coupled  to  the  heating 
and  reaction  of  the  individual  particles.  The  results  shown' 'above 
assume  uniform  particle  temperature  and  do  not  account  for  chemical 
reactions.  Analysis  of  individual  particle  heating  in  which  internal 
temperature  variation  and  surface  as  well  as  internal  heterogeneous 
reactions  are  taken  into  account  has  also  been  initiated.  In  essence 
this  study  involves  the  numerical  solution  of  the  unsteady  heat  conduc¬ 
tion  equation  with  source  terms  to  account  for  reactive  heating  terms 
and  boundary  conditions  which  account  for  convective  heating.  Here 
again  a  numerical  code  which  permits  rapid  parametric  studies  has  been 
developed. 

The  relaxation  and  particle  heating  codes  are  now  being  applied  to 
the  study  of  dust-oxidizer  mixtures  corresponding  to  those  which  have 
been  studied  experimentally. 
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INTERACTIONS,  NEW  DISCOVERIES,  OTHER  STATEMENTS 
A  new  phase  of  research  was  initiated  during  this  period  which 
could  be  referred  to  as  three  phase  detonation.  That  is  the  liquid 
fuel  drops  have  entrained  small  solid  fuel  particles  and  the  oxidizer 
is  gaseous.  A  critical  aspect  of  such  detonations  is  the  reaction  zone 
behind  the  lead  shock  wave.  The  experiments  consisted  of  exposing  a 
decane  fuel  drop,  with  and  without  entrained  RDX  dust,  in  oxygen  to  a 
Mach  3.5  shock  wave.  The  ignition  delay  time  was  markedly  reduced  by 
the  presence  of  the  solid  particles. 
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Figure  1.  Schematic  of  Experimental  Setup 
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Figure  4.  Light  Emission  and  Pressure  Records 

Pressure  Transducers  1,  2,  and  3,  respectively, 

0.5  msec/div.  Pressure  Transducer  3  and  the 
Photocell  at  the  same  location,  0.1  msec/div. 

a)  Detonation,  Run  #259,  RDXA  1300  gm/n»3,  88%  Air, 

12%  O2#  Driver  Pressure  119.3  psia,  1/4  Driver. 

b)  Non-detonation,  Run  #272,  RDXA  1300  gm/m3,  100%  N2r 
Driver  Pressure  119.3  psia,  1/4  Driver. 
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©  Run  #257:  88%  air,  12%  02,  1300  gm/nT 

.  Run  #445:  100%  air,  83%  ROXA  +  17%  NH4C£0 


Figure  7.  Wave  Mach  Humber,  RDX-A,  $  *  .94 

Driver  Pressure,  119.3  psla,  1/4  Driver. 
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Figure  13.  Variation  of  Gas  and  Particle  Velocity  and 

Temperature  with  Time  in  the  Shock  Relaxation 


